. Genetic analysis therefore argues that mei-9 functions in the resolution of this intermediate.
is to cut Holliday junctions in meiotic recombination (and mei-9 is unique in that only the number of crossovers possibly ICL repair) intermediates, then it is likely that is affected. Baker and Carpenter (1972) interpreted this this activity requires partners either in addition to or in to mean that mei-9 is required very late in the meiotic place of ERCC1. Indeed, the Holliday junction cleavage crossover pathway, in the actual process of generating activity of S. pombe Mus81 requires a second subunit crossovers. According to current molecular models of (Eme1 tion is that these preparations lack an accessory protein tions cause both a meiotic defect and a deficiency in the repair of ICLs. We conclude that both phenotypes necessary for Holliday junction cleavage activity.
We took two approaches to identify proteins that may are associated with mutations in a single gene. Therefore, mus312 joins mei-9 as the second member of a allow MEI-9 to cut Holliday junctions during meiotic recombination. First, we surveyed known mutants for any class of genes whose products function in the resolution of meiotic recombination intermediates into crossovers. with a phenotype similar to that of mei-9 mutants. Second, to identify proteins that interact physically with MEI-9, we conducted a yeast two-hybrid screen using full-length MEI-9 as bait. To test this possibility, we measured sensitivity of mus312 mutants to ultratype similar to mei-9 mutants. We tested this proposal by comparing the meiotic crossover frequencies between violet radiation (UV). NER is the primary pathway for removal of UV-induced DNA damage; consequently, mei-9 and mus312 mutants. We measured crossing over between net and pr, a 54-map unit interval spanning the mutations in mei-9 or other NER genes result in extreme hypersensitivity to UV ( Figure 1A ). We did not detect UV entire euchromatic portion of the left arm of chromosome 2 (Table 1) . Both mei-9 A2 (a null allele) and mus312
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hypersensitivity in mus312 mutants ( Figure 1A ), indicating that mus312 is not essential for NER in Drosophila. resulted in a severe decrease in crossing over across the entire chromosome arm. Furthermore, the magnitude MUS312 therefore does not substitute for ERCC1 in this pathway. of the effect was similar in each interval examined, a phenotype previously described only for mei-9 mutants.
Both mei-9 and mus312 mutants are extremely sensitive to HN2 ( Figure 1B , which were mus312 mutants are only weakly sensitive to the monofunctional alkylating agent methyl methanesulfonate also isolated on the basis of hypersensitivity to HN2 (see Experimental Procedures). Both alleles fail to comple-(MMS; Figure 1C ), we conclude that mus312 is specifically required in the repair of ICLs. ment mus312 D1 for this hypersensitivity ( Figure 1B and data not shown). We measured X chromosome nondisIn contrast, mei-9 mutants are hypersensitive to both HN2 and MMS ( Figures 1B and 1C) . Other NER mutations junction in females carrying different combinations of mus312 alleles. Defects in meiotic recombination result also cause hypersensitivity to MMS, presumably because at least some mono-adducts are repaired by NER in high rates of meiotic chromosome nondisjunction, and this assay is therefore an indirect indicator of recom- (Sekelsky et al., 2000) . It is possible that the sensitivity of mei-9 mutants to HN2 is due to the involvement of bination defects. All mus312 mutant genotypes tested resulted in a greater than 70-fold elevation in X chromo-NER in removing the mono-adducts induced by this agent. However, mutations in mus210, which encodes some nondisjunction (Table 2 and data not shown). We also directly measured crossing over in mus312 Z1973 muthe Drosophila homolog of the NER damage recognition protein XPC (Sekelsky et al., 2000) , are only weakly sentants, as described above, and found a similar level and distribution to that seen for mei-9 mutants and for sitive to HN2 (Henderson et al., 1987 ). This argues that at least a portion of the mei-9 hypersensitivity to this mus312 D1 (Table 1) . Thus, three different mus312 muta- agent is due to defects in ICL repair. Thus, both MEI-9 in mei-9 mus312 double mutants. If these two genes are required in separate pathways, the double mutants, and MUS312 are involved in ICL repair.
Although both MEI-9 and MUS312 are important in which would be defective in both pathways, should be more sensitive than either single mutant. However, we ICL repair, mus312 mutants are more sensitive to HN2 than are mei-9 mutants ( Figure 1B) . It is possible that the found that mei-9 mus312 double mutants are identical in sensitivity to mus312 single mutants ( Figure 1D ). Our MEI-9 function can be partially substituted by another protein in ICL repair, but MUS312 function cannot. Alterinterpretation of this result is that MEI-9 is required for a subset of MUS312-dependent repair of ICLs. The higher natively, mei-9 and mus312 may function in separate pathways for the removal of ICLs. To distinguish besensitivity of mus312 mutants also reveals that there are MEI-9-independent functions for MUS312. tween these alternatives, we examined HN2 sensitivity (lower) and pACT2 vector, pGAD10:ERCC1, or pGAD10:MUS312 were streaked onto medium lacking threonine and leucine (to select for the presence of the two plasmids) and containing (ϩ) or lacking (Ϫ) histidine. Growth on medium lacking histidine is indicative of an interaction between the fusion proteins. The MEI-9, MEI-9 12 , and ERCC1 fusions were full-length; the MUS312 fusion contained the interaction domain mapping to residues 61-303.
MUS312 Is a Novel Protein that Interacts
The clone recovered in the two-hybrid screen predicts a fusion protein containing residues 61-303 of MUS312.
Physically with MEI-9
Because mus312 appears to be required in the resoluTo validate the two-hybrid interaction between MEI-9 and MUS312, we conducted a pull-down assay. We tion of meiotic recombination intermediates, we sought to characterize the gene molecularly. We used deletions made a construct that expresses MUS312 residues 1-387 fused to E. coli glutathione-S-transferase (GSTto map mus312 genetically to polytene chromosome bands 65E10-F2, a small region on chromosome 3 con-MUS312). When this fusion protein is immobilized on glutathione agarose beads, it binds FLAG-tagged MEI-9 taining about 50 predicted genes (see Experimental Procedures). We fortuitously identified one of these genes, from nuclear extracts ( Figure 2B ), indicating a robust and specific interaction between MEI-9 and the amino-CG8601, in a yeast two-hybrid screen using full-length MEI-9 as bait. Among 26 positive clones, four contained terminal region of MUS312. The Drosophila EST collection contains nine mus312 inserts from Drosophila Ercc1. This result confirms a previously reported interaction between Drosophila cDNAs, from a variety of tissues and developmental stages: three from embryos, two from larvae and pupae, MEI-9 and ERCC1 (Sekelsky et al., 2000) and demonstrates the ability of the MEI-9 fusion protein used in the two from adult heads, and three from adult testis. We sequenced a full-length embryonic cDNA and deteryeast two-hybrid approach to interact with biologically relevant partners. Only one of the remaining 22 clones mined that it comprises six exons that encode a polypeptide of 1149 amino acid residues. The only identifirecovered in the screen generated an interaction as strong as that of the Ercc1-containing clones. Sequencable motifs in the predicted MUS312 amino acid sequence are four putative nuclear localization signals, ing of this clone showed that it contains a segment of the predicted gene CG8601, which maps to polytene at residues 76-79 (KPKK), 399-402 (KRPK), 737-747 (PVTKKR), and 952-956 (PLKRK). Similarity searches fail chromosome band 65F2. To determine whether CG8601 is in fact mus312, we sequenced the protein-coding to identify homologs of MUS312 in any other organism. There are several possible explanations for the failure region of CG8601 from our three mus312 mutants. Each of the three mus312 alleles harbors a nonsense mutation to identify homologs by sequence similarity searches. First, MUS312 may represent a function that is specific in CG8601 (Figure 2A) , so we conclude that CG8601 is indeed mus312.
to dipteran insects. This seems unlikely given the high conservation of DNA recombination and repair path-MEI-9 and MUS312 do not need to interact physically in this repair pathway. Alternatively, it is possible that ways across eukaryotes. Second, it is possible that sequences of MUS312 homologs do not yet appear in the an interaction is necessary, but can be mediated through other proteins in a repair complex. It will be important sequence databases. This also seems unlikely, given the number of complete or nearly complete genome to determine what other repair proteins can interact with MUS312, and whether the different sensitivities of mei-9 sequences currently available. Finally, it is possible that MUS312 homologs have diverged in amino acid seand mus312 to HN2 represent completely separable functions in the repair of interstrand crosslinks. quence so that they cannot be detected by similarity searches. For example, the S. pombe Holliday junction In summary, we have shown that MUS312, like MEI-9, is required late in the meiotic recombination pathway cutting enzyme Mus81 requires the presence of a second subunit, Eme1 (Boddy et al., 2001) . Although the S.
to generate crossovers. A physical interaction between MEI-9 and MUS312 is essential for this function. We cerevisiae homolog of Eme1, Mms4p, has been identified experimentally (Kaliraman et al., 2001) , sequence have also shown that both MUS312 and MEI-9 are involved in the repair of ICLs, and MUS312 has an addisimilarity between these homologs is not detected in standard searches. Identification of MUS312 homologs tional role in ICL repair independent of MEI-9. We previously proposed that MEI-9 acts on Holliday junctions is therefore likely to require functional or biochemical approaches rather than sequence-based approaches.
during meiotic recombination (Sekelsky et al., 1995) . The S. cerevisiae homolog, Rad1p, is not required to generate meiotic crossovers (Snow, 1968) . Although The MEI-9-MUS312 Interaction Is Essential Rad1p has been reported to cleave Holliday junctions for Meiotic Recombination in vitro in the absence of its partner Rad10p (Habraken The MEI-9-MUS312 interaction that we observed in the et al., 1994), others have been unable to reproduce this assays described above presumably reveals an imporactivity (Davies et al., 1995). It is possible that it is the tant functional interaction. We determined that the in interaction with MUS312 that allows MEI-9 to cut Hollivivo interaction between MEI-9 and MUS312 is imporday junctions. MUS312 could affect the activity of the tant for their function by characterizing a mei-9 mutation MEI-9-ERCC1 heterodimer, or MUS312 could replace that disrupts this interaction. The mei-9 12 mutation was ERCC1, resulting in a MEI-9-MUS312 heterodimer that recovered in a random chemical mutagenesis screen has Holliday junction cleavage activity. It will be imporfor meiotic mutations on the X chromosome (K. McKim, tant to distinguish between these possibilities to gain personal communication). We measured an X chromoinsight into substrate recognition and cleavage by this some nondisjunction rate of 23% (n ϭ 1100) for mei-9 12 important family of DNA repair enzymes. mutants, a rate almost identical to that of mus312 mutants (see Table 1 ).
In contrast to its severe effect on meiotic function, Figure 1D , mei-9 A2 /FM7; mus312 Z1973 /TM3 females inability of MEI-9 to interact with MUS312, the lack of were crossed to mei-9 A2 /Y; mus312 Z1973 /TM3 males. Female progeny with the genotype mei-9 A2 /FM7; mus312 Z1973 /TM3 (control), mei-9 A2 / hypersensitivity of mei-9 12 mutants to HN2 suggests that
Experimental

